Abstract. Diallyl sulfanes derived from edible plants are highly potent compounds which at sub-millimolar concentrations are able to induce the formation of reactive oxygen species (ROS) in a variety of different cells, where they often cause an altered redox status. The loss of cellular thiols and/or formation of ROS subsequently triggers a range of cellular responses, including the induction of apoptosis. A great disadvantage of natural diallyl mono-and polysulfanes, however, is their inherent insolubility in water and the extremely bad odour which limits their practical use in humans. Here, we present the synthesis and biological evaluation of two new, especially designed polysulfanes, namely the trisulfide 1-Allyl-3-(2-ethoxyethyl)trisulfide (ATSEE) and the tetrasulfide Allyl-4-benzyltetrasulfide (ATTSB), which are nearly odourless. Both compounds produce O 2
Introduction
A wide range of epidemiologic studies conducted during the last couple of decades has shown that the dietary intake of Allium vegetables, such as garlic and onions, may reduce the risk of various types of malignancies including cancer. Among the different secondary metabolites present in Allium vegetables, organosulfur compounds stand out and frequently are considered as the agents responsible for the diverse beneficial activities associated with these plants (1) . These compounds have been known since the 19th century, when chemists distilled several sulfur containing compounds from garlic, notably diallyl mono-and polysulfanes (2, 3) . Such compounds are chemically comparably 'simple' and procedures are now available to synthesize diallyl trisulfane (DATS) and diallyltetrasulfane (DATTS), employing the methods of Milligan et al (4) and Derbesy and Harpp (5) , respectively. The chemical synthesis provides these compounds in high quantities and with great purity. Indeed, our own group has used and recently refined these traditional synthetic procedures in order to synthesize a range of new symmetric and asymmetric polysulfanes, often with especially designed properties (6, 7) . The availability of such pure compounds in good yields has also stimulated the analysis of various biological activities of individual compounds, especially, but not exclusively, in the context of cancer research (8, 9) . As part of these studies, the importance of the sulfur-sulfur chain length and choice of side chains has been established, and some aspects of the underlying cellular mode(s) of action and potential cellular targets have been revealed. Over the last 20 years it has been shown, for instance, that polysulfanes are able to modulate the intracellular redox system either by the production of reactive oxygen species (ROS) or by oxidizing thiol groups of cellular proteins, leading to the formation of mixed disulfides (reviewed in refs. 10, 11 increase in ROS is actually a cause or rather a consequence of a diminished cellular thiol content -or vice versa. Yet it appears that the cellular thiolstat is the prime target of such compounds, a finding which incidentally is confirmed by the present study, and that a modulation of this thiolstat goes hand in hand with diverse cellular stresses, stress response and signalling mechanisms. Indeed, mono-and polysulfanes modulate a number of different intracellular signalling pathways including those regulating the cell cycle, ER-stress response and apoptosis (reviewed in refs. 11, 12) . Interestingly, it has also been shown by a number of independent studies that cancer cells are much more sensitive to the treatment with diallyl mono-and polysulfides when compared to normal cells. Here, cancer cells usually die by apoptosis whereas normal healthy cells survive (13) (14) (15) (16) . Whilst such selectivity for cancer cells is highly unusual for molecules derived from non-toxic, even edible plants, it can be explained in part by the particular predisposition of cancer cells to react highly sensitively to externally induced changes in their intracellular redox state (10, 17) . Not surprisingly, compounds such as DATS and DATTS have long been considered as potential anticancer drugs, yet practical applications have been hampered by their low solubility in aqueous media, a certain chemical instability at room temperature, and, above all, their purgent smell.
A couple of years ago, we therefore embarked on the synthesis of polysulfane derivatives which retain the original biological activity associated with DATS and DATTS, yet also exhibit properties which allow a wider application of such polysulfanes, especially in the context of medicine.
Here, we report the synthesis and biological evaluation of two new polysulfanes which have been designed specifically for practical applications in the field of medicine. These compounds are easy to synthesize and to handle, and whilst they are devoid of any offensive odour, they still retain the ability to attack HCT116 cancer cells via an intricate mechanism of intracellular redox modulation.
Materials and methods
Reagents and antibodies. Protease inhibitor cocktail complete™ was purchased from Roche Diagnostics, Mannheim, Germany. Dimethyl sulfoxide (DMSO) was obtained from Merck, Darmstadt, Germany. Antibodies against GAPDH and nrf2 were from Santa Cruz Biotechnology (Heidelberg, Germany). Anti-poly(ADP-ribose) polymerase (anti-PARP) antibodies and anti-heme oxygenase-1 (anti-HO-1) antibodies were purchased from Cell Signaling Technology (Frankfurt, Germany). Ellman's reagent was purchased from Thermo Scientific (Schwerte, Germany). Goat, mouse and rabbit secondary antibodies were all from Dianova (Hamburg, Germany). Unless otherwise stated, the reagents for the chemical synthesis were from Sigma-Aldrich (Munich, Germany) and used without further purification.
Chemical analysis of synthetic compounds. NMR spectra were recorded on a Bruker Avenue 500. The measuring frequency was 500 mHz for 1 H nmR and 125 mHz for 13 C NMR. Measurements were performed at room temperature and CDCl 3 and DMSO were used as solvent. Liquid chromatography coupled with mass spectroscopy (LCMS) was performed on a Bischoff lambda 1000 uV/Vis at 275 nm using a ymCC 18 column and methanol/water (85:15) as mobile phase at a flow rate of 1.0 ml/min. Analytical HPlC analysis was performed using an Agilient HP1050 series HPlC system in combination with a zorbax C18 column (150x4.6x5 mm) and a security guard C18 pre-column and with a diode array detection. The auto-sampler temperature was 4˚C and the column temperature was 37˚C. The cut-off pressure was 280 bar. Detection was performed at 254 nm. The optimal injection volume of each sample was 10 µl. Prior to analysis, compounds were dissolved in HPlC grade solvents.
Synthesis of polysulfanes. DATS and DATTS were synthesized following the methods described by milligan et al and by Derbesy and Harpp, respectively (4, 5) . These literature methods have been modified by us to enable the synthesis of asymmetric tri-and tetrasulfanes (6,7).
1-Allyl-3-(2-ethoxyethyl)trisulfane (ATSEE) was synthesized according to a modified method relying on the original method of Milligan et al (4) . Solvent (20 ml) (60% v/v ethanolwater) was added to a clean round bottom flask. Sodium thiosulfate pentahydrate (6.2 g, 25 mmol), 2-chloroethylethyl ether (1.09 g, 10 mmol) and allyl chloride (0.765 g, 10 mmol) were added to the flask. The mixture was subjected to reflux until it became homogeneous. Then ethanol was removed by distillation under reduced pressure and the impurities were extracted using petroleum ether. Afterwards, the remaining aqueous phase was treated with an aqueous solution of sodium sulfide (0.78 g, 10 mmol in 20 ml distilled water). The mixture was stirred for 45 min at room temperature. The product was extracted using petroleum ether. The organic layer of petroleum ether was dried over anhydrous sodium sulfate, filtered and the solvent was evaporated under reduced pressure. The compound was purified by column chromatography using petroleum ether / ethyl acetate (95:5) as eluent (TLC R f = 0.22). ATSEE was obtained as a yellow viscous oil with 10% overall yield (0.21 g, 0.1 mmol). 1 1-Allyl-4-benzyltetrasulfane (ATTSB) was synthesized according to a modified method based on the original procedure reported by Derbesy and Harpp (5) . A solution of allyl mercaptan (0.56 g, 15 mmol) and pyridine (1.2 ml, 15 mmol) in diethyl ether (37.5 ml) was placed into a dropping funnel and added slowly over a period of 30 min to a stirred solution of disulfur dichloride S 2 Cl 2 (1.2 ml, 15 mmol) in diethyl ether (75 ml), which was kept at -78˚C under argon. The solution was stirred at -78˚C for 45 min, at which point a solution of benzyl mercaptan (0.93 g, 15 mmol) and pyridine (1.2 ml, 15 mmol) in diethyl ether (37.5 ml) was added dropwise over a period of 30 min. The reaction mixture was stirred for further 1 h and subsequently allowed to warm up slowly to room temperature. The mixture was then washed with distilled water (2x25 ml), 1 M aqueous NaOH solution (2x25 ml) and again with distilled water (2x25 ml) to remove impurities. The pH was adjusted to neutral with 1 M aqueous NaOH solution. The aqueous phase was separated and discarded, whilst the organic phase containing the product was dried over anhydrous Na 2 SO 4 , filtered and the solvent evaporated under reduced pressure. The target compound was purified further by column chromatography using petroleum benzene: ethyl acetate (95:5) as eluent (TLC; R f 0.57). The title compound was obtained as a yellow oil in 17% overall yield (0.5 g, 2.04 mmol). 1 Cell culture. HCT116 cells (ATCC number: CCL-247) were maintained at 37˚C and 5% CO 2 in McCoy's 5A medium (PromoCell, Heidelberg, Germany) with 10% fetal calf serum (FCS). The polysulfanes were dissolved in DMSO to 50 mM stock solutions, which were prepared freshly before use.
Determination of cell viability. HCT116 cells were seeded at a concentration of 1x10 4 cells per well to a final volume of 500 µl in a 24-well plate and incubated overnight at 37˚C and 5% CO 2 in a humidified atmosphere. Cells were incubated with 50 µm ATSEE or ATTSB for 24, 48 and 72 h. Cell viability was determined by the colourimetric mTT (3-(4,5)-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (Sigma, Germany) assay according to the manufacturer's instructions. One hour before the end of treatment 50 µl mTT (5 mg/ml PBS) were added. Following 1-h treatment with MTT, the medium was disposed and cells were solubilized by adding 500 µl solubilizing solution [10% (w/v) SDS in DmSO and 0.6% (v/v) acetic acid] to each well. The absorbance of the purple-blue formazan dye was determined in an ElISA reader at 595 nm.
Cell cycle analysis. HCT116 cells were seeded in a concentration of 5x10 5 cells and grown in a 6-cm petri dish overnight. Cells were treated with 50 µm ATSEE or 50 µm ATTSB for 48 h. Cells were collected and washed two times with cold PBS and 5 mm EDTA before being resuspended in PBS and EDTA and fixed with 70% ethanol. Cells were treated with RnAse and propidium iodide to label DNA. Cells were analysed by flow cytometry immediately after staining.
Annexin V staining. Annexin V staining was performed with the Alexa Fluor ® 488 Annexin V/Dead cell apoptosis kit from life Technologies (Darmstadt, Germany). Briefly, HCT116 cells were grown on polylysine coated cover slips for 24 h. Then cells were either treated with 50 µm ATTSB, 50 µM ATSEE or the solvent control DMSO. After incubation for 24 h, medium was removed and cells were washed three times with cold PBS and then incubated with Alexa fluor 488 labelled Annexin V for 15 min. Cells were washed and finally analysed under a fluoroscence microscope.
Extraction of cells.
Following incubation of HCT116 cells with either ATSEE or ATTSB, cells were collected in cold phosphate-buffered saline (PBS) and centrifuged at 4˚C and 250 x g for 5 min. After another washing step with cold PBS, cells were lysed with 50-150 µl of RIPA buffer [50 mm Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% sodium desoxycholate, 1% Triton X-100, 0.1% sodium dodecylsulfate (SDS)] supplemented with the protease inhibitor cocktail complete. The cell lysate was left on ice for 15 min and then subjected to sonification (3x1 min) at 4˚C. Cell debris was removed by centrifugation at 16000 x g at 4˚C for 30 min. The protein content of the supernatant was determined by the Bradford method using the Bio-Rad protein assay reagent (Bio-Rad, munich, Germany).
For the analysis of the nuclear fraction of Nrf2, cells were washed with cold PBS and then thoroughly resuspended in 50-150 µl cytosolic lysis buffer (10 mM HEPES-kOH, pH 7.9, 1.5 mM MgCl 2 , 10 mm KCl, 0.5 mm DTT and 0.5% nP40) supplemented with freshly prepared protease inhibitor cocktail complete. The cell lysate was left on ice for 20 min before being centrifuged at 16000 x g at 4˚C for 5 min. The supernatant (cytosolic fraction) was removed and the pellet lysed with 50-150 µl nuclear lysis buffer (10 mM HEPES-kOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA and freshly prepared 0.5 mM DTT and 0.5% Triton X-100) supplemented with protease inhibitor complete. After removal of the cell debris the supernatant was analysed further by SDS polyacrylamide gel electrophoresis followed by western blotting.
SDS-polyacrylamide gel electrophoresis and western blot analysis.
Proteins of total cell extract (50-200 µg) were separated by size using either a 10 or 12.5% SDS polyacrylamide gel. Following electrophoresis, proteins were transfered to polyvinylidene difluoride (PVDf) membranes by tank blotting with 20 mM Tris-HCl, pH 8.8, 150 mM glycine as transfer buffer. To ensure equal loading of samples, GAPDH, nucleolin or α-tubulin were used as loading controls. Subsequent immunoblotting was performed by blocking non-specific binding regions of the membrane with 5% skimmed milk in PBS with 0.1% Tween-20 for 1 h at room temperature. The goat polyclonal anti-nrf2, rabbit polyclonal anti-HO-1, anti-PARP, anti-nucleolin, and the mouse monoclonal anti-α-tubulin antibodies were each separately used in a dilution of 1:1,000 overnight with gentle shaking at 4˚C. The rabbit polyclonal GAPDH antibody was used in a dilution of 1:1,000 at room temperature for 1 h. After washing the membranes with PBS-Tween-20 containing 1% skimmed milk (3x10 min), they were then incubated with the respective peroxidase-coupled secondary antibodies in appropriate dilutions at room temperature. The membranes were washed further (3x10 min) in PBS-Tween-20. Signals were developed and visualised by the Lumilight system of Roche Diagnostic (Mannheim, Germany).
Determination of O 2
•-in cell culture. Production of the superoxide radical was analysed by oxidation of dihydroethidium (DHE) to 2-hydroxyethidium. Cells were seeded in 96-well plates and grown overnight. After removal of the cell culture medium, cells were washed with PBS, and 190 µl of 25 µm DHE dissolved in PBS was added to each well. Immediately before the measurement was started, increasing concentrations of the polysulfane or DmSO (0.5% final concentration) as solvent control were added. The dosage-dependent increase in fluorescence (DHE ex/em: 563/587 nm) was measured using a Tecan infinite m200 device.
Determination of total thiol content. Total intracellular thiol levels were measured as previously described (15) . Briefly, HCT116 cells were seeded in 10-cm cell culture dishes (1x10 6 cells/dish) and grown overnight. Medium was then changed and cells were treated with 50 µM of polysulfanes for 0, 5, 10, 20, 30, 60, 120 or 240 min. After removal of the cell culture medium, cells were washed with PBS, collected in 250 µl PBS, and snap-frozen in liquid nitrogen. following thawing and removal of cellular fragments by centrifugation at 12,000 x g for 10 min at 4˚C, the total thiol content of cell lysates was determined using 5,5'-dithiobis(nitrobenzoic acid) (Ellman's reagent) and cysteine hydrochloride monohydrate as a standard.
Statistical analysis.
Results are represented as means ± SD. For statistical evaluation, Student's t-test was applied using Origin 6.1 with p<0.05 considered as significant, marked with one asterisk or p<0.01 considered as very significant, marked with two asterisks in the figures.
Results
In the first step, several tri-and tetrasulfanes were especially designed, synthesized and pre-screened for cytotoxicity. Among these compounds, two new polysulfanes, namely the trisulfide 1-Allyl-3-(2-ethoxyethyl)trisulfide (ATSEE) and the tetrasulfide Allyl-4-benzyltetrasulfide (ATTSB), were selected for further studies due to their pronounced activity. Both compounds are asymmetric (see fig. 1 for chemical  structures) . These molecules still feature the allyl group which may be important for biological activity yet they also contain another function which is deemed essential for solubility and reduced volatility, and hence odour.
As part of the synthetic procedures, the classical procedure of Derbesy and Harpp (5) and of Milligan et al (4), respectively, have been modified in order to produce the relevant asymmetric polysulfanes (6,7). The analytical data obtained for both compounds is in agreement with their structure and indicate a purity of ≥94% for ATSEE and ≥95% for ATTSB (see Materials and methods). The yields obtained so far are low, but this is due to the fact that the synthetic method has not yet been optimized and that the formation of symmetric 'by-products' unfortunately is unavoidable. As anticipated, both compounds are nearly odourless. ATSEE is soluble in water and in DMSO, yet the more lipophilic compound ATTSB is soluble only in DmSO. Whilst future studies may well consider improving the synthetic yield of these compounds, the crude method employed here was adequate to obtain sufficient product for subsequent activity screens and cell biological investigations.
In the next step, we addressed the question whether ATSEE and ATTSB might have an effect on cancer cells. The activity of both compounds was evaluated in cultured HCT116 human colon cancer cells and compared directly to the corresponding activity of the well-known natural analogues DATS and DATTS. As part of this study, HCT116 cells were treated with 50 µm of ATSEE and ATTSB as well as DATS and DATTS for 24, 48 and 72 h. Cell viability was determined with an MTT assay and DMSO was used as solvent control. As shown in Fig. 2 for all four compounds used, cell viability was reduced to ~40% after 24 h compared to the solvent control. There was a further reduction in cell viability 48 and 72 h after treatment. Whilst reduction of cell viability was nearly in the same range for all four compounds, there were minor differences between the tri-and tetrasulfanes. The new tetrasulfane ATTSB repeatfigure 1. Synthesis of ATSEE and ATTSB, the asymmetric trisulfane and tetrasulfane used in this study. The methods employed necessarily also result in the formation of the symmetric by-products, namely DATS and diethoxyethyltrisulfane (DEETS) in the case of ATSEE and DATTS and dibenzyltetrasulfane (DBTTS) in the case of ATTSB. further details are provided in the text.
edly turned out to be the most active compound, in agreement with previous reports which consistently showed an increased activity of tetra-over trisulfanes. ATTSB was therefore identified as a possible lead compound for wider activity screens, for instance in the context of auto-inflammatory diseases, and also for future synthetic efforts aiming at the next generation of polysulfane derivatives.
Subsequently, we asked why ATSEE and ATTSB are active, and whether both might have an influence on the cell cycle of HCT116 cells. In order to address this question, HCT116 cells were incubated with either 50 µm ATTSB, 50 µM ATSEE or, as a control, with DMSO for 48 h. They were then analysed by flow cytometry. As shown in fig. 3 , incubation of HCT116 cells with 50 µm ATTSB for 48 h led to a G 2 arrest. In contrast, treatment of the cells with 50 µM ATSEE for 48 h had no effect on the cell cycle distribution, yet there was an overall reduction of cells in all cell cycle phases with an increase in the sub-G 1 fraction. Thus, we conclude that the tetrasulfane ATTSB acts on cell cycle progression with a pronounced G 2 arrest.
A reduction in cell number can be due to the induction of apoptosis, a process studied extensively for many natural organic sulfur compounds (6, 13, 16, 18) . To investigate this possibility, we treated HCT116 cells with 50 µm ATTSB or 50 µM ATSEE. For comparison, we also incubated cells with the same concentration of DATTS or DATS (DMSO served as solvent control). Cells were harvested and proteins were extracted after 24 or after 48 h. Proteins were separated in an SDS-polyacrylamide gel and PARP was detected by western blotting. As shown in Fig. 4A , after 24 h of treatment we already found a faint band for the PARP cleavage product (89 kDa) which was notably absent in the DMSO control. After 48 h we detected a strong band for the PARP cleavage product in cells treated with ATTSB, DATTS and DATS. In contrast, only a very faint protein band for the PARP cleavage product was visible for ATSEE treated cells. Thus, it appears that ATTSB exhibits an activity which is comparable to its natural analogue, DATTS, whereas ATSEE seems to be less active in inducing apoptosis than the corresponding trisulfane DATS. Whilst these studies already provided a strong indication that ATTSB induces cell cycle arrest and apoptosis in HCT116 cells, we decided to confirm the induction of apoptosis by another, independent method. Therefore, Annexin V staining and analysis via fluorescence microscopy was performed. Here, HCT116 cells were treated with ATSEE or with ATTSB for 24 h as described above. Cells were then incubated with Alexa fluor 488 nm labelled Annexin V and analysed by fluorescence microscopy. As shown in fig. 4B , cells treated with ATSEE or ATTSB for 24 h showed positive Annexin V staining. This supports our previous findings that both compounds induce apoptosis, although with different efficiency.
Recent studies have indicated that diallyl polysulfanes are able to cause oxidative stress in specific cell lines, and that such a build-up of reactive species may be one of the events eventually leading to apoptosis. Therefore, we considered whether the new asymmetric compounds might also stimulate an increase in intracellular ROS concentrations. HCT116 cells were treated with ATSEE or with ATTSB for 10, 30 and 60 min and analysed for increased intracellular O 2
•-concentrations with the dihydroethidium (DHE) assay according to the manufacturer's instructions. We observed a time-dependent increase in the level of O 2
•-for both compounds ( Fig. 5A  and B) . In cells treated with DmSO alone we did not detect an increase in the level of O 2
•- (Fig. 5C ). It is known for quite some time, that increases in intracellular ROS levels often go hand in hand with alterations in the intracellular thiol level, and that such an attack on the 'cellular thiolstat' ultimately may be responsible for the induction of apoptosis (19, 20) . Therefore, we investigated whether treatment of HCT116 cells with ATSEE or ATTSB might alter the total thiol concentration in these cells, bearing in mind that the latter is only a very crude reflection of individual thiol-based redox systems inside the cell and its various compartments (21) . In order to estimate the 'global' thiol status of the HCT116 in response to the polysulfanes, HCT116 cells were treated with ATSEE or ATTSB for 10, 20, 30, 60 and 120 min and then the thiol concentration was measured using Ellman's reagent [5,5'-dithiobis (nitrobenzoic acid)] (22) . As may be expected and shown in fig. 6 , cells treated with ATTSB showed a reduction of the total thiol concentration, whilst a smaller decrease could be observed in cells treated with ATSEE. Interestingly, the reduction in thiol levels was of the same range compared to the increase in ROS levels. It is also notable that the reduction Proteins from cell extracts were analysed on a 7.5% SDS polyacrylamide gel and blotted onto a PVDf membrane. PARP and its cleavage product were identified with a PARP specific antibody (1:1,000). A representative blot of at least three western blots is presented. α-tubulin is shown as a loading control. (B) Annexin V staining of HCT116 cells treated with ATTSB or ATSEE dissolved in DmSO. HCT116 were grown on cover slips and incubated with 50 µm ATSEE or ATTSB for 24 h. Cells were analysed for Annexin V staining by a Zeiss fluorescence microscope (cell observer). magnification was either x400 or x1,000.
in intracellular thiol levels is a transient process which is most pronounced at the beginning of the incubation period. Here, the lowest thiol levels were noted after 30 min for ATTSB and 60 min for ATSEE treatment. Thiol levels then levelled off or even recovered slightly, as in the case of ATTSB after 60 min. It therefore seems that ATTSB and, perhaps to a lesser extent ATSEE, in the first instance interact strongly with cellular thiols, a process which may subsequently result in secondary effects, such as an increase in ROS.
Interestingly, it seems that the loss of thiols actually slightly precedes the increase in ROS concentrations. Indeed, the timeline of events seems to be crucial, and here, an onslaught resulting in a loss of intracellular thiols, most likely by oxidation, appears to stand at the beginning. Subsequently, various signalling events may unravel, and here we have focused on some of the most likely suspects which may also explain the 'recovery' of intracellular thiol concentrations observed in this study.
Alterations in the intracellular redox balance often lead to the dissociation of Nrf2 from its inhibitor keap-1 and a subsequent translocation of Nrf2 from the cytoplasm into the nucleus (23) . In the nucleus, nrf2 influences a number of processes, including the upregulation of HO-1 expression. The latter provides an adaptive survival response against oxidative stress.
In order to analyse whether ATSEE or ATTSB might influence the level of nuclear nrf2, we incubated HCT116 cells with ATSEE or ATTSB for different time periods ≤24 h. At this point, nuclear extracts were prepared and analysed subsequently on an SDS polyacrylamide gel followed by a western blot analysis with an nrf2-specific antibody. Interestingly, HCT116 cells treated with ATTSB showed an almost immediate increase of nuclear nrf2 which remains elevated for ≤1 h after treatment. After that, the level of nuclear Nrf2 returned to the level of the DMSO control (Fig. 7A ). Cells treated with ATSEE also showed an increase in the level of nuclear Nrf2, albeit with a delayed onset. It became significant after 1 h and increased until 2.5 h. Thereafter the level of nuclear Nrf2 returned to a nearly undetectable level ( fig. 7B ). Considering the different time-dependent changes, it appears that the effects of ATTSB and ATSEE on nuclear nrf2 mirror the ones on thiol and ROS content. At this point, one may speculate that the two polysulfanes both, although to a different degree, affect the intracellular thiol content, and that such changes trigger an antioxidant response via nuclear translocation of Nrf2 as well as an apparent, more or less simultaneous increase in ROS levels.
One of the downstream targets of Nrf2 in the cellular defence strategy against oxidative stress involves heme oxygenase-1 (HO-1). To analyse whether HO-1 is elevated in HCT116 cells treated with ATSEE or ATTSB, proteins were extracted at specific time points and the extracts were analysed for HO-1 protein expression by western blotting with a HO-1 specific antibody. As shown in fig. 8A , HCT116 cells treated with ATTSB showed an increase in the level of HO-1 which could be noted after just 0.5 h, with a maximum reached already after 3-4 h and a decline thereafter ( fig. 8B ). ATSEE showed a similar, equally rapid increase in the level of HO-1 after just 0.5 h of treatment. Here, the maximum level of HO-1 figure 7 . Treatment of HCT116 cells with ATSEE (A) or ATTSB (B) induced nuclear translocation of nrf2. HCT116 cells were either treated with 50 µm ATSEE or ATTSB for 0.5, 1, 1.5, 2, 2.5, 3, 4 or 24 h. Cytosolic and nuclear proteins were separated on a 10% SDS polyacrylamide gel and blotted onto a PVDf membrane. nrf2 was visualised with an appropriate antibody. nucleolin or GAPDH were used as loading controls. One of at least three independent experiments is shown. figure 8 . Treatment of HCT116 cells with ATSEE (A) or ATTSB (B) induced an increase in HO-1 protein expression. HCT116 cells were treated with either 50 µm ATSEE or 50 µm ATTSB for 0.5, 1, 1.5, 2, 2.5, 3, 4, 12 or 24 h. An untreated control (0 h) was included as baseline situation. Cell extracts were prepared and proteins were separated on a 12.5% SDS polyacrylamide gel and blotted onto a PVDf membrane. HO-1 was visualised with a HO-1 specific antibody. GAPDH was used as loading control. One representative western blot from three independent experiments is shown. expression was reached after 4 h and remained elevated until 12 h. It then decreased again. Changes in HO-1 level observed are in excellent agreement with the ones observed for Nrf2 expression. They further corroborate the hypothesis that compounds such as ATTSB and, to a lesser extent, ATSEE, almost immediately attack the intracellular thiol balance of the cell, an insult which triggers two parallel, and possibly conflicting pathways, one restoring the thiol levels via an antioxidant defence mechanism involving Nrf2 translocation to the nucleus and HO-1 expression, the other causing an increase in intracellular ROS levels, cell cycle arrest and apoptosis. It seems that the nature of the compound employed (e.g., tri-or tetrasulfane) and any possible cellular predisposition to oxidative damage (e.g., cancer cells) ultimately determine which of these processes gains the upper hand.
Discussion
There is an increasing number of reports which show that natural polysulfanes from garlic exhibit interesting biological activities. The anticancer activity, in particular, seems to be interesting because healthy normal cells are mostly resistant to the treatment with such compounds (13, 16) . The general activity of these compounds is provided by the polysulfane chain proven by the fact that a replacement of the sulfur chain by a carbon chain results in inactive compounds (18) .
In the present study we have employed two derivates consisting of one allyl group (as in the natural product) but two different residues on the other side of the polysulfur chain, namely an ethoxyethyl group in the case of the trisulfane and a benzylgroup in the case of the tetrasulfane. The advantage of these new compounds is that they are nearly odourless which would qualify them for the use in animal cells and in humans. Both new compounds reduced cell viability to a similar extent and comparable to the corresponding natural diallyl polysulfanes. A very interesting aspect is the observation that ATTSB treatment resulted in a complete G 2 arrest already after 48 h whereas the trisulfane ATSEE had no influence on the cell cycle progression. Here, cell cycle analysis already provided some indication for the presence of a sub-G 1 population when cells had been treated with ATTSB or with ATSEE, pointing towards possible apoptotic events. By Annexin V staining we could corroborate further that cells treated with either compound go into apoptosis. With respect to the induction of apoptosis, the tetrasulfane ATTSB seemed to be more active than the trisulfane ATSEE.
This led us to the question how such compounds induce apoptosis. Very similar to the natural diallyl polysulfanes, the new asymmetrical compounds also triggered an increase in the intracellular level of O 2
•-radicals and a decrease in the level of total thiols. At the same time, both compounds stimulated the cellular oxidative stress response with an elevation of the amount of Nrf2 in the nucleus and an elevated expression of heme oxygenase-1 (HO-1). Since HCT116 cells still may enter apoptosis, however, the elevated level of HO-1 alone obviously is not sufficient to ensure that the cells ultimately also survive (and continue to proliferate).
Ultimately, a picture is emerging which shows a fairly swift and decisive cellular response to the polysulfanes employed, whereby the more active tetrasulfane leads to a more rapid and also more pronounced change in the global level of intracellular thiols. Hardly surprising, this assault on the cellular redox balance then activates an antioxidant response, a process which is also fairly rapid and lasting. This antioxidant response involves proteins such as Nrf2 and HO-1 and seems to be able to restore the original thiol level, at least in case of the 'milder' trisulfane ATSEE. In the case of the more aggressive tetrasulfane ATTSB, however, the notable activation of the antioxidant response may not be sufficient to prevent an increase of O 2
•-radicals. The resulting elevated level of oxidative stress and associated damage may dominate the scene, cause a cell cycle arrest and ultimately induce apoptosis. Indeed, these detrimental processes have been observed for ATTSB and also for DATS and DATTS. They are not as pronounced in the case of ATSEE, which may explain why the antioxidant response regains the upper hand and the cells do not arrest or enter apoptosis that much.
In essence, our studies have shown that it is possible to synthesize odourless, asymmetric polysulfanes with comparable ease. These compounds retain the biological activity of their natural counterparts, yet are more amenable to practical applications. Their mode of action is complex, and whilst there does not seem to be one particular cellular target for these sulfur compounds, their action seems to involve two or possibly more parallel pathways. Dominance of one over the other may well result in some selectivity for (cancer) cells, and this is an issue which needs to be explored in more detail as part of future studies. At the same time, ATTSB represents an excellent new lead compound which can be exploited further in the context of various diseases related to a disturbed intracellular redox balance (8) . As the chemical synthetic pathways leading to compounds such as ATTSB are comparably straight forward, many derivatives become feasible which will now be designed, synthesized and evaluated as part of the next generation of polysulfanes with medical potential.
